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Abstract. Recent measurements of nucleon resonance transition form factors with CLAS at Jefferson Lab
are discussed. The new data resolve a long-standing puzzle of the nature of the Roper resonance, and
confirm the assertion of the symmetric constituent quark model of the Roper as the first radial excitation
of the nucleon. The data on high Q2 npi+ production confirm the slow fall off of the S11(1535) transition
form factor with Q2, and better constrain the branching ratios βNpi = 0.50 and βNη = 0.45. For the first
time, the longitudinal transition amplitude to the S11(1535) was extracted from the npi
+ data. Also, new
results on the transition amplitudes for the D13(1520) resonance are presented showing a rapid transition
from helicity 3/2 dominance seen at the real photon point to helicty 1/2 dominance at higher Q2.
PACS. 1 3.60.le, 13.88.+e
1 Introduction
Electroexcitation of nucleon resonances has long been rec-
ognized as a sensitive tool in the exploration of the com-
plex nucleon structure at varying distances scales. Res-
onances play an important role in fully understanding
the spin structure of the nucleon. More than 80% of the
helicity-dependent integrated total photoabsorption cross
section difference (GDH integral) are the result of the
N∆(1232) transition [1,2], and at a photon virtualityQ2 =
1 GeV2 more than 50% of the first moment ΓP1 (Q
2) =∫ 1
0
g1(x,Q
2)dx of the spin structure function g1 for the
proton are due to contributions of the resonance region
at W < 2 GeV [3], and are crucial for describing the en-
tire Q2 range of Γ p
1
(Q2) and Γ p−n
1
(Q2) for the proton and
proton-neutron difference respectively [4,5,6].
Nucleon resonances are of high interest in their own
rights. Electroexcitation of resonances allows us to probe
the internal structure of the excited state knowing the
structure of the ground state. The most comprehensive
predictions of the resonance excitation spectrum come
from the various implementation of the symmetric con-
stituent quark model based on broken SU(6) symmetry
[8]. Other models predict a different excitation spectrum,
e.g. through a diquark-quark picture, or through dynam-
ical baryon-meson interactions. The different resonance
models not only predict different excitation spectra but
also different Q2 dependence of transition form factors.
Mapping out the transition form factors will tell us a great
deal about the underlying quark or hadronic structure.
CLAS is the first full acceptance instrument with suffi-
cient resolution to measure exclusive electroproduction of
Fig. 1. REM and RSM extracted from exclusive reactions
p(e, e′p)pi0 using modern analysis tools, e.g. unitary isobar
models and dispersion relations. Recent quenched Lattice QCD
points are shown as well.
mesons with the goal of studying the excitation of nucleon
resonances in detail. The entire resonance mass region, a
large range in the photon virtuality Q2 can be studied,
and many meson final states are measured simultaneously
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Fig. 2. Magnetic transition form factor GM∆ extracted from
exclusive reactions p(e, e′p)pi0, and normalized to the dipole
form.
[7]. In this talk I discuss recent results from the electropro-
duction of single pions to study several well-known excited
states.
2 The N∆(1232) transition
An interesting aspect of nucleon structure at low energies
is a possible quadrupole deformation of the nucleon’s low-
est excited state, the ∆(1232). Such a deformation would
be evident in non-zero values of the quadrupole transition
amplitude E1+ from the nucleon to the ∆(1232) [10]. In
models with SU(6) spherical symmetry, the N∆ transi-
tion is simply due to a magnetic dipole M1+ mediated by
a spin flip, and E1+ = S1+ = 0 . Dynamically, quadrupole
deformations may arise through the interaction of the pho-
ton with the pion cloud [11,12] or through the one-gluon
exchange mechanism [9]. At asymptotic momentum trans-
fer, a model-independent prediction of helicity conserva-
tion requires REM ≡ E1+/M1+ → +1. An interpretation
of REM in terms of a quadrupole deformation can thus
only be valid at low momentum transfer.
Results of the multipole analysis of the JLab data [18,
23,19,20] as well as lowQ2 data fromMAMI [13,21], Bates
[14] and LEGS [22] are shown in Fig.1. A consistent pic-
ture emerges from these precise data.
– REM remains negative, small and nearly constant in
the entire range 0 < Q2 < 6 GeV2.
– There are no indications that leading pQCD contribu-
tions are important as they would result in REM → +1
[24].
Fig. 3. Angular dependence of response function σLT from
the high Q2 CLAS data. extracted from exclusive reac-
tions p(e, e′p)pi0 in the ∆(1232) region. The curves represents
MAID03 and MAID07 parameterizations.
– RSM also remains negative, but its magnitude strongly
rises with Q2.
Comparison with microscopic models shows that simul-
taneous description of both REM and RSM is achieved
with dynamical models that include pion-nucleon interac-
tions explicitly. This supports the claim that most of the
quadrupole strength in the N∆(1232) transition is due
to meson effects which are usually not included in quark
models. From Fig. 2 we conclude that at the real photon
point 1/3 of the transition strength is due to pion effects,
which extends to rather high Q2, although with decreasing
relative strength.
The MAID unitary isobar model has been frequently
used in the analysis of pion electroproduction data. I want
to comment on one aspect of the 2007 version MAID07
that has generated some confusion regarding the results of
analysis compared to the 2003 versionMAID03. Independent
analyses of the JLab data from CLAS and Hall C have
been carried out within the MAID framework of MAID03
[16] and MAID07 [17]. MAID03 parameters were adjusted
by analysing the 2001 CLAS cross section data [18] and
the higher Q2 Hall C data [23]. In Fig. 3 the MAID03 pa-
rameters are used and the predictions compared with the
CLAS data published in 2006 [19] for the response func-
tion σLT in the ∆(1232) mass region showing excellent
agreement. The extracted RSM ratio showed a strong rise
in magnitude with Q2 consistent with the values shown in
Fig. 1 from the CLAS 2006 data that were not included
in the fit. In MAID07 a new fit was made that now in-
cluded the CLAS 2006 data but did not include the previ-
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ously used Hall C data. The results of that fit are shown
in the right panels in Fig. 3, and clearly compares much
less favorably with the measured σLT resonse function.
It also results in an almost Q2-independent behavior at
high Q2, in clear contradiction to the previously obtained
strong rise in magnitude with Q2. It appears that this
discrepancy is an artifact of the parameterization used in
MAID07 for the RSM ratio, which includes the constraint
RSM → constant, the asymptotic limit for Q2 →∞. How-
ever, this constraint is not justified as there are no indica-
tions that asymptotic behavior is relevant either in REM
(which would require REM → +1, while the data show
REM ≈ −0.03), or in the extraction of RSM when not
constraint by the presumed asymptotic behavior.
Ultimately, we want to come to a QCD description
of these important nucleon structure quantities. In re-
cent years significant effort has been extended towards
a Lattice QCD description of the N∆ transition [26,27].
Within the still large error bars, both quenched and un-
quenched calculations at Q2 < 1.5 GeV2 with pion masses
of 400 MeV are consistent with a constant negative value
of REM ≈ −0.02, in agreement with the data. For the
RSM ratio there is a clear discrepancy at low Q
2 in both
quenched and unquenched QCD calculation while the rise
in magnitude of RSM with Q
2 observed in the data is
quantitatively reproduced in full QCD at theQ2 > 1GeV2.
The measured N∆ transition form factors extend to
Q2 = 6 GeV2, and show no sign of the expected asymp-
totic behavior. It would be very interesting to see if LQCD
calculations can describe the observed strong Q2 depen-
dence ofRSM , and the near lack ofQ
2 dependence ofREM
at high Q2.
3 The second resonance region
Three states, the “Roper” P11(1440), and two strong neg-
ative parity states, D13(1520), and S11(1535) make up the
second enhancement seen in inclusive electron scattering.
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Fig. 4. W dependence of the three lowest Legendre moments
from npi+ angular distributions at fixed Q2 = 2.05 GeV2. The
dotted line indicates the cross section when the amplitudes of
the P11(1440 are set equal 0.
3.1 The Roper resonance P11(1440) - a puzzle resolved
The P11(1440) resonance has been a focus of attention for
the last decade, largely due to the inability of the stan-
dard constituent quark model to describe basic features
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Fig. 5. Transverse electrocoupling amplitude for the Roper
P11(1440) (left panel). The full circles are the new CLAS re-
sults. The squares are previously published results of fits to
CLAS data at low Q2. The right panel shows the longitudinal
amplitude.
such as the mass, photocouplings, and Q2 evolution. This
has led to alternate approaches where the state is treated
as a gluonic excitation of the nucleon [28], or has a small
quark core with a large meson cloud [29], or is a hadronic
molecule of a nucleon and a σ meson [30]. Quenched lat-
tice QCD calculations [36] indicate that the state has a
significant 3-quark component, and calculate the mass to
be close to the experimental value.
Given these different theoretical concept for the struc-
ture of the state, the question “what is the nature of the
Roper state?” has been a focus of the N∗ program with
CLAS. The state couples to bothNπ andNππ final states.
It is also a very wide resonance with about 350 MeV total
width. Therefore single and double pion electroproduction
data covering a large range in the invariant mass W, with
full center-of-mass angular coverage are crucial in extract-
ing the transition form factors in a large range ofQ2. As an
isospin I = 1
2
state, the P11(1440) couples more strongly
to nπ+ than to pπo. Also contributions of the high energy
tail of the ∆(1232) are much reduced in that channel due
to the I = 3
2
of the ∆(1232).
Over 33,000 differential cross section data points and
polarized beam asymmetries from CLAS [33] have been
analyzed using a fixed-t dispersion relations approach and
a unitary isobar model (UIM) [32]. Some of the features
of the data may best be seen in the Legendre moments.
Response functions can be expressed in terms of Legendre
polynomials, e.g. the azimuthal angle independent part of
the differential cross section can be written as:
σT + ǫσL =
∞∑
ℓ=0
DT+Lℓ Pℓ(cosΘ
∗
π).
Figure 4 shows the lowest Legendre moments for this re-
sponse functions. The transverse and longitudial electro-
coupling amplitudes A1/2 and S1/2 of the transition to the
P11(1440) resonance are extracted from fits to the data
[34]. They are shown in Fig. 5. At the real photon point
A1/2 is negative. The CLAS results show a fast rise of the
amplitude with Q2 and a sign change nearQ2 = 0.5 GeV2.
At Q2 = 2GeV2 the amplitude has about the same mag-
nitude but opposite sign as at Q2 = 0. It slowly falls off
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at high Q2. This remarkable behavior of a sign change
with Q2 has not been seen before for any nucleon tran-
sition form factor or elastic form factor. The longitudinal
amplitude S1/2 is large at low Q
2 and drops off smoothly
with increasing Q2. The bold curves are all relativistic
light front quark model calculations [37]. The thin solid
line is a non-relativistic quark model with a vector meson
cloud [29], and the thin dashed line is for a gluonic excita-
tion [28]. The first results for the transition form factors
of the Roper have recently been obtained in unquenched
QCD[38].
The hybrid baryon model is clearly ruled out for both
amplitudes. At high Q2 both amplitudes are qualitatively
described by the light front quark models, which strongly
suggests that the Roper is indeed a radial excitation of the
nucleon. The low Q2 behavior is not well described by the
LF models and they fall short of describing the amplitude
at the photon point. This indicates that important contri-
butions, e.g. meson-baryon interactions at large distances
may be missing.
3.2 The S11(1535) state
The S11(1535) state was found to have an unusually hard
transition formfactor, i.e. the Q2 evolution shows a slow
fall-off. This state has mostly been studied in the pη chan-
nel where the S11(1535) appears as a rather isolated res-
onance near the Nη threshold and with very little non-
resonant background. Data from JLab using CLAS [39,
40] and Hall C [41] instrumentation, have provided a con-
sistent picture of the Q2 evolution obtained from η elec-
troproduction data alone, confirming the hard form factor
behavior with precision. There are two remaining signif-
icant uncertainty in the electromagnetic couplings of the
S11(1535) that need to be examined. The first one is due
to the branching ratio of the S11(1535) → pη, the sec-
ond one is due to the lack of precise information on the
longitudinal coupling, which in the pη channel is usually
neglected.
The pη data have been normalized using a branch-
ing ratio βNη = 0.52, while the PDG gives a range of
βPDGNη = 0.45− 0.60. Since this state practically does not
couple to other channels than Nη andNπ, a measurement
of the reaction ep → eπ+n will reduce this uncertainty.
Also, the Nπ final state is much more sensitive to the
longitudinal amplitude due to a strong S11−P11 interfer-
ence term present in the Nπ channel. With these goals in
mind the CLAS nπ+ data have been used to determine
the electrocoupling amplitudes for the S11(1535). Using
the average values β¯PDGNπ = 0.45 and β¯
PDG
Nη = 0.52, the
nπ+ data fall systematically above the pη data set. Ad-
justing βNπ = 0.50 and βNη = 0.45 brings the two data
sets into excellent agreement for the higher Q2 data, as
shown in Fig. 6. The diamond symbols show the results
in the pη channel. The full circles are from the analy-
sis of the CLAS nπ+ data [34]. The square symbols are
from the analysis of earlier CLAS pπ0, and nπ+ data [35]
with adjusted βNπ. The theory curves are from various
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Fig. 6. The transition amplitude A1/2 for the S11(1535). See
text for explanations.
constituent quark models quark model [42,43,44,45,46].
There could be a 10-20% difference between the Nπ and
Nη for the Q2 = 0.4, 0.6 GeV2 points. This indicates that
meson-cloud effects may play some role at low Q2, possi-
bly affecting the results differently in the two channels.
Analyses that take coupled channel effects into account
are needed to fully clarify the low Q2 behavior. As men-
tioned above an advantage of the pπ channel in studying
the S11(1535) is that it is also sensitive to the longitudinal
transition amplitude, while the Nη channel has little sen-
sitivity and requires a Rosenbluth separation to separate
the transverse and longitudinal terms. In the Nπ case,
the sensitivity is due to a significant s − p wave interfer-
ence with the nearby p-wave amplitude of the P11(1440).
This can be seen in the multipole expansion of the lowest
Legendre moment for the σLT response function:
DLT0 =
|q|
K
Re(E0+S
∗
1− + S0+M
∗
1−).
The second term is very sensitive to the S0+ multipole
of the S11(1535) due to the strong transverse Roper mul-
tipole (M1−), especially at high Q
2. Preliminary results
show significant negative values for the S1/2 amplitude of
S11(1535).
3.3 Helicity structure of the D13(1520)
A longstanding prediction of the dynamical constituent
quark model is the rapid helicity switch from the domi-
nance of the A3/2 at the real photo point to the dominance
of the A1/2 amplitude at Q
2 > 1 GeV2. In the simple non-
relativistic harmonic oscillator model with spin and orbit
flip amplitudes only, the ratio of the two amplitudes is
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-100
-80
-60
-40
-20
0
0 1 2 3 4
Q2 (GeV2)
A
1/
2(1
0-3
G
eV
-
1/
2 )
0
25
50
75
100
125
150
175
0 1 2 3 4
Q2 (GeV2)
A
3/
2(1
0-3
G
eV
-
1/
2 )
Fig. 7. Transverse helicity amplitudes A1/2 (left panel) and
A3/2 (right panel) for the D13(1520). The helicity switch is
clearly visible. Model curves as in Fig.6.
given by:
AD13
1/2
AD13
3/2
=
−1√
3
(
Q2
α
− 1) ,
where α is a constant adjusted to reproduce the ratio
at the photon point where A1/2 is very small. Is is clear
that the model predicts a rapid rise of the ratio with Q2.
Figure 7 shows the results for the two transverse ampli-
tudes. We see the A3/2 amplitude decreasing rapidly in
strength with increasingQ2. The A1/2 amplitude increases
rapidly in magnitude with increasing Q2, before falling off
slowly at Q2 > 1 GeV2. A1/2 completely dominates at
Q2 > 2 GeV2.
4 Conclusions
With the recent precise data on pion and eta electropro-
duction, combined with the large coverage in Q2, W, and
center-of-mass angle, the study of nucleon resonance tran-
sitions has become an effective tool in the exploration of
nucleon structure in the domain of strong QCD and con-
finement. We have learned that the ∆(1232) exhibits an
oblate deformation. The multipole ratios REM an RSM
show no sign of approaching the predicted asymptotic be-
havior, which provides a real challenge for model builders.
The latest data from CLAS on charged pion production
reveal a sign change of the transverse amplitude for the
N-Roper transition near Q2 = 0.5 GeV2, and give strong
evidence for this state as the first radial excitation of the
nucleon. The hard transition form factor of the S11(1535)
previously observed only in the pη channel is confirmed in
the nπ+ channel, which also allows us to extract the so far
unmeasured longitudinal amplitude S1/2. The D13(1520)
clearly exhibits the helicity flip behavior long ago pre-
dicted by the constituent quark model.
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